INTRODUCTION
Temperature-sensitive (ts) mutants of foot-and-mouth disease virus (FMDV) induced by 5-fluorouracil have been reported previously with evidence of recombination in pair-wise crosses (Pringle, I968) , and with the elucidation of various physiological characteristics of the mutants (Pringle et al. 197o) .
This paper describes the isolation of ts mutants from two further strains of FMDV with preliminary observations on their properties and their ability to undergo efficient and reproducible recombination.
METHODS
Virus strains and the preparation of virus stocks. Two strains of FMDV were used: strain Pacheco of immunological type O, and strain SAz/67 of immunological type SAT z. The viruses were obtained from the World Reference Laboratory, Pirbright, as glycerinated suspensions, and were cloned in BHK 2I monolayer cultures by three successive plaque passages at 37 °C, followed by three successive plaque passages at 41 °C.
Tissue culture. BHK 2I clone I3 cells were employed throughout this study. Monolayers for restrictive temperature assays (41"3 °C) were prepared in screw-capped I oz medical flat bottles, and for other assays, in 60 mm plastic Petri dishes. Small monolayers for mixed infections were grown in the bottom of 6 inch test-tubes which were incubated vertically.
Small monolayers were also prepared in Flow Microtitre plastic plates. The liquid and solid growth media have been described previously (Lake & MacKenzie, I973) .
Temperature control. Monolayers were incubated at the restrictive temperature (41"3 °C) by total immersion in a well-insulated waterbath controlled by a Braun 'Thermomix' thermostat control unit coupled to a Foster 'Fostronic' recorder. Assays at the permissive temperature (37 ° C) were incubated in a humidified incubator which was gassed with a mixture of 5 ~ CO2 in air.
Mutagenesis. Monolayer cultures were infected with a virus at an input multiplicity of I o p.f.u./cell in the presence of either IOO #g/ml or 2oo #g/ml of 5-fluorouracil, and incubated for 4 h at 37 °C. The medium was removed, clarified by centrifuging, and stored at -2o °C in I ml samples as stock mutagenized virus.
Screening procedure for ts mutants. Monolayer cultures were inoculated with stock mutagenized virus preparations at limiting dilutions, and incubated at 37 °C. Well-isolated plaques were picked, replated and incubated at permissive and restrictive temperatures. If plaques were only produced after incubation at the permissive temperature, a second plaque was picked and rescreened. Stocks of plaque-purified putative mutants were then prepared and assayed at restrictive and permissive temperatures, and if the ratio of the e.o.p, at 41"3 and 37 °C did not exceed IO -2"°, the stock was designated a mutant. The restrictive temperature was chosen as the highest temperature at which normal yields of virus could be attained compared to the yields at 37 °C, The e.o.p, of parent strains varied between I.O and o"17.
Double infections. Double infection experiments were performed in monolayer cultures
in test tubes. Each mutant was diluted in PBS to give an input multiplicity of IO p.f.u./cell, and pairs of mutants were pre-mixed to provide a total inoculum of 20 p.f.u/cell. After 45 rain adsorption at 37 °C the cultures were washed with pH 6-2 buffer for IO min to inactivate unadsorbed inoculum virus, followed by three washes with PBS and three washes with growth medium. The cultures were then incubated at 37 °C for 4 h, frozen and thawed twice, and titrated at permissive and restrictive temperatures.
Formulae. Recombination frequencies were calculated as the per cent of wild-type (ts +) virus in the progeny from:
where AB~lo was the titre of the cross at the restrictive temperature, ABa7o was the titre of the cross at the permissive temperature, and (A+ B)41o was the sum of titres of the selfcrosses at the restrictive temperature.
To obviate day-to-day variations (see below), recombination frequencies were standardized against a 'standard' cross (ts PI × ts PI2) which was included in each experiment. The standardization procedure was:
where (A~) was the recombination frequency of the standard cross (ts PI ×tsPI2), (XAox~) and (XBex~) were the mean recombination frequencies of the standard cross and of cross B respectively in the ex0eriment, and (B~ed) was the standardized frequency of cross B. * The cut-off temperature was defined as a 99 ~ drop in infectivity compared to the titre at 37 °C. These mutants could not be classified under the definition as the drop in titre was less than 99 ~ at 4I °C.
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RESULTS
Isolation of mutants
Temperature-sensitive mutants were isolated from virus stocks grown in the presence of either IOO #g/ml or 2oo #g/ml of 5-fluorouracil. The isolation frequencies were: Pacheco, o.68 (ts PI, ts P3) at ioo/zg/ml and 2"75 (ts P5, ts P8-ts P28) at 2oo/zg/ml; SA2/67, I.o8 ( ts SA4) at 2oo/zg/ml and 2"29 (ts SA6, ts SA7).
Properties of the mutants Cut-off temperatures
The cut-off temperature of each mutant was defined as the temperature at which a 99 loss of infectivity occurred. Two series of experiments were performed, one under agar overlay and the other under liquid overlay. Plaque titrations of the mutants in I oz medical flat bottles were incubated by total immersion in water baths at 37, 39"2, 4o and 40"9 °C. The results are shown in Table I a. Under liquid overlay, replicate fitrations were prepared in small monolayer cultures in Flow Microtitre plastic plates (Lake & MacKenzie, 1973) which were also incubated by total immersion in controlled water baths at 37, 38, 40, 4o'5 and 41 °C. End points were plotted and the cut-off temperature indicated at the point showing a 99 ~ loss of infectivity. The results are shown in Table I b.
All the mutants exhibited relatively high cut-off temperatures under both conditions, but particularly under liquid medium where none were found with a cut-off temperature below 39 °C, and six mutants, ts P3, ts P8, ts P2I, ts P22, ts P24 and ts P25 were found to have insufficient penetrance to provide a cut-off temperature below 41 °C. Under solid medium, all the mutants had cut-off temperatures below 4o'9 °C, and three mutants, ts PIo, ts PI3 and ts P 18 had cut-off temperatures below 39 °C. 
Thermostability of infectivity
The mutants were examined for their ability to withstand exposure to 45 and 53 °C for I h. Under these conditions, the titre of the Pacheco parent virus strain dropped from 3"5 x IO 7 p.f.u./o.2 ml to 6"9 x Io 6 p.f.u, and 2-2 × IOs p.f.u, respectively, and the titre of the SA2/67 parent strain dropped from 1.7 x IO 7 p.f.u./0"2 ml to 6-6 x Io 5 p.f.u, at 45 °C but was totally thermolabile at 53 °C. Stock preparations of each mutant were diluted tenfold in PBS and placed in waterbaths at 45 or 53 °C. After incubation for I h, the samples were chilled in ice and immediately titrated in parallel with unexposed controls. None of the Pacheco mutants were significantly thermolabile at either temperature compared to the parent strains; the SA2/67 mutants were totally thermolabile at 53 °C, but did not exhibit increased thermolability at 45 °C.
Sensitivity to acid pH
Foot-and-mouth disease virus is pH sensitive being rapidly inactivated below pH 6'4. The mutants were compared to the parent virus strains for their degree of sensitivity to acid conditions. Stock preparations of each mutant and tile parent viruses were dialysed against o.I M-phosphate buffer, pH 7"2, overnight at 4 °C, and then diluted tenfold in a range of phosphate buffers at pH 7"2, 7"o, 6.8, 6-6, 6"4, 6.2 and 5"9, and held overnight at 4 °C. The samples were restored to pH 7.2 by dilution in appropriate buffer, and titrated in parallel. The results of titrations after exposure to pH 6.8 and pH 6.6 are shown in Table 2 . Seven mutants were significantly pH sensitive at pH 6-8, and twelve mutants at pH 6.6. No lability was observed for any of the mutants above pH 6-8, and there was no survival below pH 6.2.
Comparative growth cycles at 37 and 41"3 °C
Comparative growth cycles at 37 and 41"3 °C were performed for twelve Pacheco mutants and the parent virus. Washed monolayer cultures were inoculated with virus at an input multiplicity of 5 p.f.u./cell and adsorbed for 15 rain at 37 °C. Unadsorbed virus was inactivated by io min exposure to pH 6.2 buffer, the cells washed twice, and growth medium added which had been pre-warmed to 37 °C. The cultures were incubated in water baths set at 37 or 4I'3 °C, and 2 ml samples withdrawn at 30 min intervals over 5.25 h. Each sample removed was replaced with an equivalent amount of pre-warmed medium, and the samples frozen until the end of the growth cycles. They were then titrated in parallel. No significant differences between the growth cycles of the mutants and the parent virus were found at 37 °C. At 4I'3 °C however, the mutants fell into three clearly distinct groups: group I (ts Pt, ts PIo, ts PI3 and ts PI8) were virtually unable to produce infectious virus; group 2 (ts P9, ts PI2, ts P~4, ts Pr 5, ts PI6, ts PI7 and ts PI9) produced low quantities of infectious virus; and group 3 (ts P8 and ts PII) were able to produce relatively high quantities of infectious virus. The growth curves at 4I'3 °C for representatives of group 2 (ts PI2) and group 3 (ts PI8) are shown in Fig. I with the growth curve of the Pacheco parent virus.
Character&tics of genetic recombination Effect of input multiplicity on recombination frequency
Preliminary recombination experiments had shown that recombination occurred readily between certain pairs of Pacheco ts mutants. The effect of input multiplicity on recombination frequencies was examined in pairwise crosses of two mutants, ts PI and ts PI2. Twofold dilutions of each mutant were prepared in PBS, and various combinations of the dilutions were mixed and inoculated onto small monolayer cultures with five replicates for each combination, as described above. Mean recombination frequencies of the various combinations were calculated from the yields assayed at restrictive and permissive temperatures ( Table 3 ). The results indicated that for this pair of mutants, a maximum recombination frequency required a minimum of 6 infectious particles (p.f.u.) of each mutant, and that the input ratio had to be within a twofold margin. At lower multiplicities or larger input ratios, the mean recombination frequencies were significantly reduced.
Effect of time of incubation on recombination frequency
The effect of length of incubation on the frequency of recombination was examined in the cross ts PI x ts PI2. Small monolayer cultures were inoculated at an input multiplicity of I2 p.f.u./cell with each mutant and incubated at 37 °C. Three replicate cultures were with- drawn at various intervals during the growth cycle and frozen and thawed twice before the yields were titrated at restrictive and permissive temperatures. Single cultures of self-cross controls were withdrawn at the same intervals. Recombinants could be detected from I'5 h post-infection and the growth cycles at both temperatures reached a peak about 4 h post-infection (Fig. 2) . The recombination frequency did not vary significantly during this period.
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Stability of ts + recombinants
Twenty-seven ts+~recombinants were picked from two crosses, ts PI x ts PI2 and ts PI × ts PI8, and subjected to three successive passages by plaque isolation with each passage being screened at permissive and restrictive temperatures. All recombinants were found to be stable for the ts + character, and no evidence was observed to indicate the presence of complementing heterozygotes.
Standardization of recombination frequencies
The recombination frequencies from replicate samples of a given cross in each experiment were highly reproducible if the assays were performed in parallel, but a considerable variation was observed between assays of the same experiment performed on different days, or between different experiments. For any two crosses, however, the ratio of the mean recombination frequencies in different experiments was found to be constant. It was possible, therefore, that day-to-day variation could be obviated if the mean recombination frequency of each cross in an experiment was related to a standard cross, which was included in each experiment, and for which an accurate recombination frequency had been pre-determined from a large number of replicate samples.
To obtain a standard cross, 22 replicate samples of the cross ts PI x ts PI2 were prepared in small monolayer cultures, and after a 4 h incubation period, the yields were assayed in parallel at the permissive and restrictive temperatures. The mean recombination frequency was found to be o.27, with a standard deviation of o'o5 and a standard error of the mean of O'OI.
To determine the effectiveness of standardization, experiments were performed with ts PI, ts PI2 and ts PI3 in small monolayer cultures, with six replicates of each cross in the first experiment and five replicates in the second experiment. The mean recombination frequencies were calculated and standardized against the ts P1 x ts PI2 standard (Table 4) . These results indicated that day-to-day variation could be substantially reduced in these three crosses by standardization.
DISCUSSION
The isolation of a number of ts mutants has been described from two strains of FMDV with observations on some of their properties and on the ability of some of the mutants to undergo genetic recombination. The conditions employed for their isolation were chosen to provide an optimum isolation frequency but at the same time to lessen the chance of isolating sister and double mutants. To minimize the occurrence of sister mutants, mutagenesis was carried out with cloned parental viruses over a single growth cycle. Two concentrations of 5-fluorouracil were used. At the higher concentration (2oo/zg/ml), the isolation frequency in the absence of selection pressure was sufficiently high to enable mutants to be isolated relatively easily, yet was less than that reported in a previous study (Pringle, 1968) .
Comparative growth cycles of some of the mutants at permissive and restrictive temperatures permitted their classification into three clearly distinct groups by virtue of the yields of infectious virus at the restrictive temperature. This grouping could be correlated with the mutant cut-off temperatures under liquid overlay; the group yielding greater titres of infectious virus at the restrictive temperature having the highest cut-off temperatures. This would suggest that high yields of infectious virus were due to 'leakiness' rather than growth of revertant virus.
The cut-off temperatures under liquid medium were, in general, higher than those under solid overlay, a finding similar to that reported for ts mutants of influenza virus (MacKenzie & Dimmock, 1973) . The reasons for this are not understood, but it is possible that solid overlay restricts the spread of revertant or 'leak' virus, whereas under liquid overlay, virus is able to spread to uninfected cells resulting in increased yields at that temperature.
Thermolability and acid 1ability reflect properties of the virus coat proteins, and a mutation in a cistron responsible for a coat protein might, therefore, render the virus more susceptible to inactivation by exposure to heat or acid conditions. No differences were found between the mutants and their parent viruses to inactivation by exposure to 45 or 53 °C, but considerable variation was observed in the susceptibility of the mutants to inactivation by exposure to pH 6.8 and pH 6.6. This property, however, cannot be interpreted on the basis of temperature-sensitivity without a careful analysis of ts + revertants since other mutations must have been accumulated during mutagenesis.
The demonstration of genetic recombination between ts mutants isolated from the Kenya 3/57 strain of immunological type SAT2 by Pringle 0968) has been extended in this study to ts mutants of immunological type O. The recombination frequencies observed were similar in magnitude to those reported by Pringle, and to those by Cooper (1968) between poliovirus ts mutants, but certain anomalies were found in the conditions required to achieve maximum recombination frequencies. In the cross ts PI x ts PI2, the minimum multiplicity of each of the two input viruses for maximum recombination was found to be approx. 6 p.f.u./cell, and no difference was observed at higher multiplicities provided the ratio of multiplicities did not exceed a twofold margin. These results suggested that multiplicity was fairly critical, and also that non-infectious viruses of FMDV did not take an active part in recombination. With poliovirus, however, recombination frequencies showed little or no variation over a wider range of ratios (Cooper, 1968) .
The recombination frequency for cross ts PI x ts PI2 was not found to vary significantly during a single growth cycle. The growth curve of recombinant virus paralleled the curve for total progeny virus in the exponential phase which indicated that recombination was an early event, and must occur before replication. A similar result was reported by Pringle (I968). A slight but significant increase in recombination frequency was found during the growth cycle of a cross between poliovirus mutants which suggested to Cooper (1968) that recombination events were not necessarily linked to replication. This was based on the amount of RNA replication at the times during the growth cycle at which samples were examined.
Considerable variation in recombination frequency was observed for any one cross performed or assayed on different occasions. A similar variation was reported by Pringle et al. (197o) , and to a lesser extent, by Cooper (~968) in crosses between poliovirus ts mutants. Within each experiment, however, the relative recombination frequencies of different crosses assayed together were comparable, and so by including a standard cross in each experiment and relating the recombination frequencies for other crosses to it, this variation could be practically eliminated. Guanidine-resistant mutants have also been isolated from the Pacheco strain of FMDV (J. Lake, J. Bisby, J. S. MacKenzie, unpublished observations), and so by using conditions for maximum standardized recombination described in this report, accurate genetic mapping should be feasible by means of threefactor crosses.
